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1 INTRODUCTION 

T h i s  r e p o r t  d i s c u s s e s  t h e  r e s u l t s  of  a f i f t e e n  month program 

c a r r i e d  o u t  by E l e c t r o - O p t i c a l  Systems,  Inc . ,  t o  d e t e r m i n e  t h e  

f e a s i b i l i t y  o f  f a b r i c a t i n g  r a d i a t i o n  r e s i s t a n t  s o l a r  c e l l s  i n  s i l i c o n .  

The p r i n c i p a l  u s e  f o r  solar  c e l l  power s u p p l i e s  i s  t o  b e  found i n  

s p a c e  v e h i c l e s ,  and i t  h a s  been  e s t a b l i s h e d  t h a t  t h o s e  v e h i c l e s  which  

are  i n  e a r t h  o r b i t s  are s u b j e c t e d  t o  h i g h  e n e r g y  p a r t i c l e  bombardment 
consisting of and s~rcti-ons* Tilc  e f fec t  of t;-lFs L - - - l - - - - A - - -  U U l l l U d L  Ulllt: llt 

on  t h e  c e l l s  i s  t o  r e d u c e  t h e i r  c o n v e r s i o n  e f f i c i e n c y .  T h i s  l o s s  of  

e f f i c i e n c y  i s  p r i m a r i l y  due  t o  a d e g r a d a t i o n  of l i f e t i m e  i n  t h e  b a s e  

r e g i o n  of t h e  c e l l  c a u s e d  b y  t h e  p a r t i c l e  bombardment.  

i i l e c t r o - O p t i c a i  Systems,  Lnc., a c c o r d i n g i y  p roposed  t h e  g r a d e d  

b a s e  c o n c e p t  as a method o f  overcoming t h i s  d e g r a d a t i o n .  I n  t h i s  

c e l l  d e s i g n ,  a n  e l ec t r i c  f i e l d  i s  i n t r o d u c e d  i n t o  t h e  b a s e  r e g i o n  

of t h e  c e l l .  T h e  e f f e c t  of  t h i s  f i e l d  i s  t o  i n c r e a s e  t h e  e f f e c t i v e  

v e l o c i t y  f low o f  l i g h t - g e n e r a t e d  m i n o r i t y  c a r r i e r s  towards  t h e  p-n 

j u n c t i o n .  By u s e  of t h i s  f i e l d - a s s i s t e d  f l o w  t h e  p r o b a b i l i t y  of  

r e c o m b i n a t i o n  of t h e  m i n o r i t y  c a r r i e r s  i s  c o n s i d e r a b l y  r e d u c e d  and 

h e n c e  t h e  e f f e c t  of t h e  p a r t i c l e - i n d u c e d  d e c r e a s e  i n  l i f e t i m e  i s  

l e s s e n e d .  The e l e c t r i c  f i e l d  i n  t h e  b a s e  r e g i o n  i s  p roduced  by  

means of  a c o n t r o l l e d  g r a d i e n t  of  i m p u r i t i e s  w i t h i n  t h e  r e g i o n .  

During t h e  program, graded  b a s e  c e l l s  were f a b r i c a t e d ,  u s i n g  

d i f f u s i o n  t o  p roduce  t h e  i m p u r i t y  g r a d i e n t  w i t h i n  t h e  b a s e  r e g i o n  

o f  t h e  c e l l .  The c e l l s  f a b r i c a t e d  had i n i t i a l  e r f i c i e n c i e s ,  when 

measured  i n  s c i n l i g h t , o f  as h igh  a s  11 p e r c e n t .  

c e l l s  were i r r a d i a t e d  w i t h  e i t h e r  1 Mev e l e c t r o n  o r  94 Mev p r o t o n s .  

A number of t h e s e  

2080 - F i n a  1 1 



It w a s  found t h a t  t h e  s t ! o r t  c i r c u i t  c u r r e n t  o f  g r a d e d  b a s e  c e l l s  unde r -  

went  l ess  d e g r a d a t i o n  t h a n  t h a t  o f  any  c e l l  p roduced  w i t h  a u n i f o r m  

d i s t r i b u t i o n  of  dopan t  i m p u r i t i e s  i n  t h e  b a s e ,  

These  e x p e r i m e n t a l  r e s u l t s ,  which  were o b t a i n e d  a t  Space Tech-  

n o l o g y  L a b o r a t o r i e s  and a t  t h e  Naval  R e s e a r c h  L a b s  f o r  NASA, c o n f i r m e d  

t h e  d e t a i l e d  t h e o r e t i c a l  p r e d i c t i o n s  which  had a l s o  been  made d u r i n g  

t h e  c o u r s e  of t h i s  program. 

2 0 8 0 - F i n a l  2 



2 .  CELL DESIGN AND F A B R I C A T I O N  

2 . 1  C e l l  S t r u c t u r e  

P r e l i n i i , i a r y  d e s i g n  c o n s i d e r a t i o n s  (Kef .  1) i n d i c a t e d  t l i a t  

i t  would be p o s s i b l e  t u  o b t a i n  f i e l d s  c f  be tween  20 and 40 vci l ts /cm 

i n  s i l i c o n  by t h e  use of  a d i f f u s i o n  p r v c e s s  t o  fo rm t h e  g r a d e d  

b a s e  r e g i o n ,  p r o v i d e d  t h < i t  t h e  t h i c k n e s s  uf t h e  r e g i o n  w a s  r e s t r i c t e d  

t o  4 t o  4-1/2 mils and t h a t  t h e  starti:i% m a t e r i a l  had  a car r ie r  

d e n s i t y  o f  2 x 10" o r  less .  It was a l s o  d e c i d e d  i n i t i a l l y  t h a t  

t h e  c e l l s  s h o u l d  be r1f t h e  :I-on-p t y p e  s i n c e  e a r l i e r  work (Ref .  2)  

had  shown t h a t  t h e s e  c e l l s  were c r : n s i d e r a b l y  m c ' r e  r a d i a t i o n  

r e s i s t a n t  t h a n  were t h e  p-cin-n d e v i c e s .  Thus,  t h e  s t a r t i n g - m a t e r i a l  

was s e i e c t e d  t o  be 25 clhm c m  p - t y p e  s i l i c o n .  

1 1. 

In o r d e r  t o  o b t a i n  m e a n i n g f u l  results,  i t  was r e a l i z e d  tliat 

i t  was n e c e s s a r y  t o  p r e p a r e  c e l l s  of  t h e  h i g h e s t  p o s s i b l e  c o n v e r s i o n  

e f f i c i e n c y , ,  and s o  i n  o r d e r  t o  m i . i i n i z e  t h e  s e r i e s  r e s i s t a n c e  of  tlie 

c e l l s  a g r i d d e d  s t r u c t u r e  was a d ( p t e d .  Fi$lure I shews t h e  d e s i g n  uf 

t h e  mask t h a t  was enipl i~yed i n  clrder t o  o b t a i n  t h e  !:ridded s t u c t u r e  

f o r  t h e  c e l l  f r o n t  c o n t a c t .  Ce l l s  l iaving d i m e n s i o n s  IJf b o t h  1 x 1 

and 1 x 2 cm were f a b r i c c i t e d .  The c h o i c e  of which c e l l  s i z e  was 

employed by a n  p a r t i c u l a r  e x p e r i m e n t  was m e r e l y  a matter of  

c u n v e n i e n c e .  In a d d i t i c n  t o  f a b r i c a t i n g  g r a d e d  b a s e  n-on-p c e l l s ,  

some g r a d e d  b a s e  p-vn-11 c e l l s  were a l s o  f a b r i c a t e d  and t e s t e d .  Ia 

a d d i t i o n ,  n -on -p  c o n t r o l  c e l l s ,  h a v i n g  a u n i f o r m  r e s i s t i v i t y  i n  t h e  

b a s e  r e g i o n ,  were f a b r i c a t e d .  Tlie  f o l l v w i n g  s e c t i c j n s  d i s c u s s  t h e  

f a b r i c a t i o n  t e c h n i q ( i c s  er:iplctyed f o r  t h e  niaiiufacti ire o f  t h e s e  v a r i o u s  

t y p e s  of c e l l s .  

2 0 8 Q - F i n a l  3 
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2 . 2  C e l l  F a b r i c a t i o n ,  N - l n - P  Graded  Base 

The  f a b r i c a t i o n  of c e l l s  c o n s i s t s  c f  twc1 d i f f l l s i u n  s t e p s ,  the  

f i r s t  uf  wh ich  p r o v i d e s  t h e  4raded i m p u r i t )  regicli i  f o r  t h e  b a s e  and  

t h e  second  of wh ich  p r u d u c e s  t h e  p-n j u n c t i L i i .  C t n t a c t s  a r e  t h e n  

made t o  b o t h  t h e  p and  t i  r eg i i l n s  I l f  t h e  c e l l ;  c o n t a c t  t o  t h e  n r e g i o n  

i s  a g r i d d e d  structiire i n  ~ r d e r  t u  r c d i c e  t h e  s e r i e s  r e s i s t a n c e .  The 

c e l l  i s  cL la t ed  w i t h  an a i l t i - r e f 1 e c t i i . i  c o a t i  I; of  s i l i c c 8 q  moni>xide 

wh ich  i s  a p p l i e d  by e v a p o r a t i c n .  

T a b l e  I shows the  :najL2r p r c x e s s  s t e p s  i n  sclme more d e t a i l .  

P r i o r  t o  t h e  f i r s t  d i f f u s i e n ,  boron  i s  a p p l i e d  by p a i n t i n s  on a 

s u s p e n s i o n  of  B . 0  i n  a s o l v e n t .  A f t e r  t h e  sc.lve:i t  h a s  d r i c d ,  t he  

s l i c e s  a r e  d i f f3 i sed  a t  125OOC f o r  100 h o u r s  i n  a n  a i r  a t m o s p h e r e .  

A t  t h e  end  o f  t h i s  p e r i o d  the f u r n a c e  i s  tL : rned  o f f  a n d  a l l o w e d  t o  

c o o l  t o  7503C a t  which  t e m p e r a t u r e  t h e  s l i c e s  are  wi thd rawn  f rom t h e  

f u r m c e .  The s l i c e s  a r c  t h e n  mounted on l a p p i n g  j i g s  and  l apped  i n  

a Lap-mas te r  machine  c'n c n e  s i d e  oi i ly ,  t o  a t l i i c k n e s s  v f  6 . 5  t o  7 m i l s .  

The s l i c e s  a r e  t h e n  mLuiited SL, t h a t  t h e  un lapped  s i d e  i s  p r c t c c t e d  

by wax and  e t c h e d  i n  a p v l i s h i n g  e t c h  t u  a f i n a l  t h i c h e s s  c?f 4 t o  

4 . 1  mils. A f t e r  b e i n g  demuunted and c l e a n e d ,  t h e  s l i c e s  a r e  t h e n  

d i f f u s e d  w i t h  phosphorous  t o  form t h e  p-ti j u n c t i o n .  T h i s  d i f f u s i o n  

t a k e s  p l a c e  a t  a t e m p e r a t u r e  of 930°C f v r  30 m i : i u t e s  i n  a n  a t m o s p h e r e  

of  d r y  n i t r o g e n .  The d i f f u s i i n  s o u r c e  i s  d r y  P 0 wh ich  i s  h e l d  i n  

a q u a r t z  b o a t  a t  a t e m p e r a t u r e  L f  3ppr r ;x ima te ly  300'C. A t  t h e  e n d  

v f  t h i s  30 m i n u t e  per ic id  t h e  s l i c e s  a r e  wi thd rawn  i n t c  a second 

f u r n a c e ,  wh ich  i s  t h e n  t u r a e d  o f f  and  a l l u w e d  t o  c o o l  t o  750°C, a t  

w h i c h  p o i n t  t h e  s l i c e s  a r e  wi thdrawn.  The back  u r  l a p p e d  s u r f a c e  of  

t h e  s l i c e  i s  now g i v e n  a l i g h t  l a p  by hand  t u  remove . 5  t o  1 mic ron  

L f  m a t e r i a l ,  t h u s  remcxing  t h e  d i f f u s e d  n - t y p e  r e g i o n  f rom t h e  back  

cof t h e  c e l l .  

2 3  

2 5  
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P h o t o r e s i s t  i s  t h e n  a p p l i e d  t o  t h e  f r c n t  s u r f a c e  vf t h e  c e l l  a n d  

exposed  t h r o u g h  t h e  ; r i d  p a t t e r n  mask a!id deve lc ,pe i i .  The back  o f  

the  c e l l  a:id the unmasked p o r t i ' . ) n s  of t h e  f r o n t  of  t;hc c e l l  are 

t h e n  p l a t e d  w i t h  a n i c k e l - T o l d  mixti:rc, i lsing an el<:ctri.le:,s prclcess  

f o l l o w e d  by  a n  e l e c t r c , l y t i c  p l a t i n g  of  s i l v e r .  Tile c c l l s  a r e  t h e n  

mounted f o r  u l t r a s o n i c  cuttin:: and  dependi : ig  o n  t h e  s i z e  c.f t h e  

p i e c e  invc) lved ,  a re  ctit e i t l i e r  t c  1 s 1 o r  1 x 2 cni r e c t a n g u l a r  

b l a n k s .  A f t e r  b e i n g  c l e a i e d ,  t h e  c e l l s  a r e  t h e : i  moii:itl?d f o r  a j u n c t i o n  

c l e a n - u p  e t c h  i n  si ich a way t h a t  b ,  t h  t h e  f r i i n t  and  back  s u r f a c e s  of 

t h e  c e l l s  a r e  p r o t e c t e d ,  l e a v i n g  the edge  t o  be  a t t a c k e d  by a i i i t r l c  

l iydrof  l u o r i c  a c i d  mix wh ich  removes t h e  dama:;ed m a t e r i a l  a r o u n d  t h e  

p e r i p h e r y  of  the c e l l .  Tl!e c e l l s  a r e  t h e n  SLjldtr  d i p p e d  i n  a 60/40  

s o l d e r  a t  a p p r o x i m a t e l y  20UgC ai id  t h e  f r c n t  s u r f a c e  of  t h e  c e l l  i s  

then 5:iven a n  a n t i - r e f  l e c t i u i i  c o a t i n g  uf s i l i c s n  monc:xide by vacuum 

e v a p o r a t i o n .  

The n - t y p e  d i f f u s i o n  i s  e v a l u a t e d  by measu remen t s  of s h e e t  

r e s i s t a n c e  arid j u n c t i o n  d e p t h .  S h e e t  r e s i s t a n c e  v a l u e s  r u n  t y p i c a l l y  

between 1 6  and 20 ohms p e r  s q u a r e ,  and j u n c t i o n  d e p t h  i s  .45 2 .05 

micron .  F i g u r e  2 shows a pho tograph  uf t h e  ci jmpleted c e l l .  

2 , 3  C e l l  F a b r i c a t i o n  P-on-N Graded Base 

I n  o r d e r  t u  o b t 3 i . i  a d d i t i o n a l  c h e c k  of  t h e  a p p l i c a b i l i t y  c/f 

t h e  g r a d e d  b a s e  c o n c e p t  t u  the improvement of s o l a r  c e l l  r a d i a t i o n  

r e s i s t a n c e ,  Mr. W .  C h e r r y  s u g q e s t e d  t h a t  we f a b r i c a t e  p-bii-n c e l l s  

c o n t a i n i n g  a g r a d e d  b a s e  r e g i o n "  The f a b r i c a t i o n  t e c h n i q u e s  employed 

were e s s e n t i a l l y  t h e  same a s  t h b s e  d e s c r i b e d  i n  t h e  p r e v i o i l s  s e c t i o n  

f o r  the  n-<in-p c e l l s  w i t h  t h e  e x c e p t i e n  of t h e  d i f f u s i o n  p r o c e d u r e s .  

The s t a r t i n g  mater ia l  was 15 chm c e n t i m e t e r  n - t y p e  s i l i c o n .  The 

g r a d e d  b a s e  r e g i o n  was produced by p r e - d e p o s i t i n g  phosphorus  o n t o  

the  s l i c e s .  A P 0 s o u r c e  was h e l d  a t  300°C and tile s l i c e s  were 

h e l d  a t  a t e m p e r a t u r e  o f  1050"'C f o r  a p e r i u d  o f  30 m i n u t e s .  
2 5  
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The d o p a n t  was c a r r i e d  t o  t he  s l i c e s  i n  a s t r e a m  of  d r y  

nitro:;en. The p r e - d e p o s i t e d  l a y e r  was t h e n  d r i v e n  i n  by d i f f u s i o n  

a t  a t e m p e r a t u r e  of 1250°C f o r  100 h e u r s .  A f t e r  l a p p i n g  and e t c h i n g  

t h e  s l i ce s  t o  a t h i c k n e s s  o f  4 m i l s ,  t h e  p - type  r e g i o n  was produced  

by c a r r y i n g  o u t  t h e  j u n c t i o n  d i f f u s i v n  a t  a t e m p e r a t u r e  of 1 d 5 O o C  f o r  

1 2  m i n u t e s  u s i n g  a B 0 as a s v u r c e .  Subsequen t  p rL3cess ing  was 2 3  
i d e n t i c a l  t o  t h a t  d e s c r i b e d  i n  t h e  p r e v i u u s  s e c t i o n  f o r  u-on-p  

t y p e  c e l l s .  

2.4 C o n t r o l  C e l l s  

N-on-p cu’ i t ro l  c e l l s  were f a b r i c a t e d  us ing  the same 

s t a r t i n g  nlater ia l  which  h‘id bee.1 used  f o r  t h e  g r a d e d  b a s e  c e l l s .  

I n s t e a d  of p e r f o r m i n g  a long  d i f f u s i o n  to prdduce  a g r a d e d  b a s e  

r e g i o n ,  a s h o r t  p r c - d e p o s i t i o n  ~f B , O  w a s  c a r r i e d  o u t  i n  o r d e r  t o  

p r o v i d e  a p+ back s u r f a c e  s o  t h a t  a 1c.w r e s i s t a i c e  ohmic c o n t a c t  

c . u l d  be o b t a i n e d  t o  the back c ) f  t h e  c e l l .  With t h i s  e x c e p t i o n ,  

o t h e r  p r o c e s s i n g  w a s  i d e n t i c a i  t o  t h a t  f o r  tne g r a d e d  base c e l l s .  

Two t y p e s  o f  c o n t r v l  c e l l s  were f a b r i c a t e d ,  h a v i n g  t h i c k n e s s e s  of 

4 m i l e s  and  1 2  m i l s ,  r e s p e c t i v e l y .  

2 3  
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3.  CELL CHARACTERISTICS 

3 .1  Base I m p u r i t y  P i o f i i e  

The i m p u r i t y  d i s t r i b u t i o n  i n  t h e  b a s e  r c g i o n  of t h e  c e l l  was 

d e t e r m i n e d  by t h e  u s e  o f  t h e  f o l l o w i n g  t e c h n i q u e .  

A f t e r  t h e  d e e p  b a s e  d i f f u s i o n ,  a sample  s l i c e  from t h e  r u n  

had one s i d e  removed by l a p p i n g  and e t c h i n g  s o  t h a t  t h e  s l i c e  t h i c k n e s s  

r e m a i n i n n  n :.?as a p p r o x i m a t e l y  5 mils, The slice w a s  t h e n  rnotinted w i t h  t h e  

e t c h e d  f a c e  p r o t e c t e d  and t h e  s h e e t  r e s i s t a n c e  w a s  meastired t i s ing  a f o u r  

p o i n t  probe  on t h e  back  s u r f a c e .  0 . 2  m i l s  w a s  t h e n  removed from t h e  

b a c k  s u r f a c e  and t h e  s h e e t  r e s i s t a n c e  measured  a g a i n .  These  s t e p s  were 

r e p e a t e d  u n t i l  t h e  s h e e t  r e s i s t a n c e  w a s  t o o  h i g h  foi-  r e l i a b l e  measure-  

men t s  t o  b e  o b t a i n e d .  

The c o n d u c t i v i t y  of t h e  n t h  l a y e r  CT i s  t h e n  give: i  b y  
11 

- 1 

Where R and R are t h e  s h e e t  r e s i s t a n c e s  b e f o r e  

a f t e r  t h e  r emova l  o f  t h e  n t h  l a y e r  and Xn i s  t h e  t h i c k n e s s  removed. 
S ( n )  s ( n + l >  

a n d  

The r e s u l t s  o f  s u c h  measurements  on t y p i c a l  c e l l s  a re  shown i n  F i g s .  3 - 6 

F i g u r e  3 shows t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  normal  b o r o n  p a i n t - o n  

t e c h n i q u e  which  h a s  b e e n  d e s c r i b e d  f o r  p - type  b a s e  d i f f u s i o n s .  It w i l l  

b e  s e e n  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  i s  a p p r o x i m a t e l y  3 x 10 c m  . 
T h i s  r e s u l t  i s  t y p i c a l  of t h o s e  o b t a i n e d  on a number of  d i f f e r e n t  r u n s .  

An a t t e m p t  was made t o  d e t e r m i n e  t h e  e f f e c t s  o f  i n c r e a s e d  b o r o n  c o n c e n t r a t i o n .  

19 3 
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C O N D U C T I V I T Y  VS D I S T A N C E  FROM 
SURFACE O F  PHOSPHORUS D I F F U S I O N  
INTO 15C c m  N - T Y P E  S I L I C O N  

F I G .  6 

C O N D U C T I V I T Y  V S  D I S T A N C E  FROM 
SURFACE OF PHOSPHORUS D I F F U S I O N  
I N T O  15.. c m  N-TYPE S I L I C O N  



The h i g h e r  c o n c e n t r a t i o n  was o b t a i n e d  by i n c r e a s i n g  t h e  c o n c e n t r a t i o n  

of B203 i n  t h e  p a i n t  wh ich  i s  a p p l i e d  t o  t h e  s u r f a c e  as t h e  d o p a n t  

p r i o r  t o  d i f f u s i o n .  F i g u r e  4 shows t h e  r e s u l t s  of t h e  i m p u r i t y  

p r o f i l e  t a k e n  a f t e r  such  a d i f f u s i o n .  It w i l l  b e  s e e n  t h a t  t he  

s u r f a c e  c o n c n e t r a t i o n  h a s  i n c r e a s e d  by a p p r o x i m a t e l y  a n  o r d e r  o f  

magn i tude .  It i s  n o t  p o s s i b l e  t o  t e l l  w h e t h e r  t h e  a p p a r e n t  p o i n t  

o f  i n f l e c t i o n  i n  t h e  c u r v e  r e a l l y  e x i s t s  o r  i s  due  t o  d i f f i c u l t i e s  

of  measurement .  

It w a s  n o t  p o s s i b l e  t o  f a b r i c a t e  c e l l s  from tilis more h e a v i l y  

doped mater ia l  due  t o  t h e  f a c t  t ha t  t h e  v e r y  h i g h  c o n c n e t r a t i o u  o f  

b o r o n  c a u s e d  c o n s i d e r a b l e  c r y s t a l l i n e  s t r a i n ,  and  i t  was no t  p o s s i b l e  

t o  o b t a i n  smooth e t c l w d  s u r f a c e s  oil  t h e  s l i c e s  wliicn b a d  b e e n  s u b j e c t e d  

t o  t h i s  d i f f u s i o n  t r e a t m e n t .  

From r e s u l t s  shown i n  F i g s  3 arid 4 t h e  e l e c t r i c  f i e l d  i n  

t h e  b a s e  r e g i o n  o f  t h e  c e i l  was c a l c u l a t e d .  Due t o  t h e  u n c e r t a i n t i e s  

i n  t h e  measurements ,  tiiis c a l c u l d t i o n  wds d t  b e s t  an  a p p r o x i m a t e  

es t imate ,  arid showed t h a t  i n  t i e  c a s e  o f  t h e  h i g h e r  doped c e l l ,  a n  

i n c r e a s e  i n  t h e  a v e r a g e  e l e c t r i c  f i e l d  i n  t h e  b a s e  r e g i o n  by a t  most  

20 p e r c e n t  was o b t a i n e d .  S ince  t h i s  i s  a m a r g i n a l  i n c r e a s e ,  i t  was 

d e c i d e d  n o t  t o  p u r s u e  tllese e x p e r i m e n t s  f u r t h e r .  

F i g u r e s  5 and  6 show s imi l a r  curves o b t a i n e d  f o r  phosphorus  

T h i s  mater ia l  w a s  u sed  f o r  t h e  f a b r i -  d i f f u s i o n  i n t o  n - t y p e  m a t e r i a l .  

c a t i o n  of  p-on-n g r a d e d  b a s e  c e l l s .  

20 80 - F i n a l  13 



3 . 2  L i f e t i m e ,  C a p a c i t a n c e  and S e r i e s  R e s i s t a n c e  Measurements  

E a r l y  i n  t h e  program i t  w a s  d e c i d e d  t o  mdke b o t h  l i f e t i m e  and 

c a p a c i t a n c e  measurements  on f a b r i c a t e d  c e l l s  i n  o r d e r  t o  d e t e r m i n e  t h e  

r e s i s t i v i t y  of  t h e  b a s e  r e g i o n  immedia t e ly  a d j a c e n t  t o  t h e  j u n c t i o n  

and  t h e  e f f e c t i v e  L i f e t i m e  of t h e  m a t e r i a l  a d j a c e n t  t o  t h e  j u n c t i o n .  

It w a s  n o t  p o s s i b l e  t o  make t h e s e  measurements  on c o m p l e t e  1 cm 

area c e l l s  due  t o  t h e  l a r g e  j u n c t i o n  c a p a c i t a n c e s  and  Iealkages t h a t  

are  i n v o l v e d .  A c c o r d i n g l y  two samples  were t a k e n  and mesas were 

e t c h e d  on t h e s e  samples  i n  o r d e r  t o  o b t a i n  j i i n c t i o n s  h a v i n g  areas 

of  one t o  two mm . The c a p a c i t a n c e  oE e a c h  of  t h e s e  j u n c t i o n s  w a s  

measured  a s  a f u n c t i o n  o f  t h e  r e v e r s e  b i a s  v o l t a z e  a p p l i e d  i n  t h e  

r a n g e  of 2 t o  10 v o l t s ,  and was found t o  f o l l o w  t h e  V 1 aw,  

as shown i n  F i g .  7 t h u s  i n d i c a t i n g  a n  a b r u p t  j u n c t i o n .  

2 

2 

- : / 2  

From t h i s  measurement  and  t h e  measurement  o f  t h e  j u n c t i o n  

area, i t  w d s  p o s s i b l e  t o  deduce t h e  r e s i s t i v i t y  of t h e  b a s e  m a t e r i a l  

a d j a c e n t  t o  t h e  j u n c t i o n  and t h i s  w 3 s  found t o  b e  24 ohm cm. It was 

t h u s  c o n c l u d e d  t h a t  t h e  d i f f u s i o n  p r o c e s s e s  were n o t  c h a n g i n g  t h e  

r e s i s t i v i t y  of  t h e  s t a r t i n g  m a t e r i a l  i n  t h o s e  r e g i o n s  s u f f i c i e n t l y  

f a r  f rom t h e  s u r f a c e  t h a t  t h e  i m p u r i t i e s  were n o t  p e n e t r a t i n g  i n t o  

them. 

In a d d i t i o n  t o  t h e  capac i  t a t i ce  measurements  wh ich  were made 

on t h e s e  mesas, l i f e t i m e  measurements  were a l s o  c a r r i e d  o u t  u s i n g  

t h e  j u n c t i o n  i n j e c t i o n  mcthod d e s c r i b e d  i n  R e f .  3. The c i r c u i t  u sed  

f o r  t h e s e  measurements  i s  shown i n  F i g .  8, The r e s u l t s  o b t a i n e d ,  

a p p l y i n g  tlie t h e o r y  as gi..ren i n  t h e  r e l c r e n c c ,  were 2 m i c r o s e c o n d s  

and  6 m i c r o s e c o n d s  r e s p e c t i v e l y .  It  i s  n o t  c l ea r ,  however,  what  

t h e  e f f e c t  of t h e  g r a d e d  b a s e  r e g i o n  h a s  been  on tlie r p s u l t s  o b t a i n e d  

by  t h i s  method of  measurement  so  t h a t  t h e s e  r e s u l t s  m u s t  b e  t r e a t e d  

w i t h  some c a u t i o n .  
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The s e r i e s  r e s i s t a n c e  of  two 10 t o  11 p e r c e n t  c e l l s  was 

e s t i m a t e d  u s i n g  one o f  t h e  methods d e s c r i b e d  by Rauschenbach  and Wol f 

( R e f . 4 ) .  T h i s  met1.od i n v o l v e s  l o c a t i n g  a p o i n t  o n  e a c h  o f  t h e  V-I 
c u r v e s  t a k e n  a t  v a r i o i i s  l i g h t  l e v e l s  a t  a f i x e d  c u r r e n t  d i f f e r e n c e  

f rom t h e  s h o r t  c i r c u i t  c o n d i t i o n .  When t h e s e  p o i n t s  a r e  j o i n e d  by 

a s t r a i g h t  l i n e  t h e  r e c i p r o c a l  of  t h e  s l o p e  of  t h e  l i n e  g i v e s  t h e  

se r ies  r e s i s t a n c e .  I n  b o t h  c a s e s  t h e  measured  v a l u e  of s e r i e s  

r e s i s t a n c e  was a p p r o x i m a t e l y  two ohms. O f  t h e s e  two ohms, one ohm 

c a n  b e  a c c o u n t e d  € o r  by  t h e  r e s i s t a n c e  of t h e  t h i n  d i f f u s e d  n - t y p e  

l a y e r .  The s h e e t  r e s i s t a n c e  of t h e  p l a t e d  c o n t a c t  was meastired 

u s i n g  a f o u r  p o i n t  p robe  and was found t o  be 0 . 0 5  ohms p e r  squ j - r e .  

The l o n g i t u d i n a l  r e s i s t a n c e  of t h e  f r o n t  c o n t a c t  s t r i p e  was c a l -  

c u l a t e d  and was found t o  b e  one ohm. S i n c e ,  when t h e  c e l l s  a r e  

t e s t e d ,  c o n t a c t  i s  u s u a l l y  made w i t h  a p o i n t  a t  one e x t r e m i t y  or' 

t h e  s t r i p e ,  t h i s  t h e r e f o r e  c o u n t s  f o r  one ohm of  t h e  s e r i e s  

r e s i s t a n c e .  A c c o r d i n g l y ,  t h e  p l a t i n g  t h i c k n e s s  h a s  b e e n  i n c r e a s e d  

on c e l l s  s u b s e q u e n t l y  f a b r i c a t e d .  

3.3 T r a n s i t  Time Exper imen t s  

An e x p e r i m e n t  was c a r r i e d  o u t  d e s i g n e d  t o  measure t h e  

t r a n s i t  t i m e  of  ca r r ie rs  i n j e c t e d  i n t o  t h e  back  o f  a c e l l .  It  was 

e x p e c t e d  t h a t  by t h i s  means i t  would b e  p o s s i b l e  t o  v e r i f y  t h e  

e x i s t e n c e  of  an e l e c t r i c  f i e l d  i n  t h e  b a s e  r e g i o n  of t h e  c e l l  

d r i v i n g  t h e  i n j e c t e d  m i n o r i t y  c a r r i e r s  t o w a r d s  t h e  j u n c t i o n .  I f  

t h e  case o f  ;f fi f u n c t i o n  of  i n j e c t e d  c a r r i e r s  i s  c o n s i d e r e d ,  i t  

c a n  be  shown t h a t  t h e  t r a n s i t  t i m e  t f o r  t h e  i n j e c t e d  c a r r i e r s  t o  

move a d i s t a n c e  W i s  g i v e n  b y  E q . ( 3 )  

2 W T  
4D 

(Ref .  5 ).  

t = -  

where  

D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  i n j c c t e d  c a r r i e r s .  
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F o r  e l e c t r o n s  i n  a l a y e r  o f  p - type  s i l i c o n  100 m i c r o n s  t h i c k ,  t h i s  

t r a n s i t  t i m e  i s  2 . 6  mic roseconds .  S i n c e  i t  i s  e x p e c t e d  t h a t  t h e  

e l e c t r i c  f i e l d  i n t r o d u c e d  i n t o  t h e  b a s e  r e g i o n  by  t h e  d i f f u s i o n  o f  

i m p u r i t i e s  w i l l  r e d u c e  t h e  t r a n s i t  t i m e  t o  1 m i c r o s e c o n d  o r  1ess.CRef. 

It s h o u l d  b e  p o s s i b l e  t o  d i s t i n g u i s h  be tween  t h e  f i e l d  and n o n - f i e l d  case 

b y  i n j e c t i n g  c a r r i e r s  i n t o  t h e  back  of  t h e  c e l l  and m e a s u r i n g  t h e  t i m e  

r e q u i r e d  f o r  them t o  a r r i v e  a t  t h e  j u n c t i o n .  The method used  of i n j e c t i n g  

t h e  c a r r i e r s  was t o  u s e  p h o t o - i n j e c t i o n ,  and  t h e  s e t u p  i s  shown d iagrdm-  

m a t i c a l l y  i n  F i g .  3 .  The c e l l  urlder t e s t  was i l l u m i n a t e d  w i t h  a p u l s e  

o f  l i g h t ,  1 mic rosecond  l o n g  u s i n g  a Kerr c e l l  s h u t t e r  as a means of  

p r o d u c i n g  t h e  p u l s e .  Tlie dcavice t o  b e  t e s t e d  was p r e p a r e d  by t a k i n g  

a p o r t i o n  o f  d s o l a r  c e l l  and e t c h i n g  a mesa a p p r o x i m a t e l y  2 mm i n  

diameter on t h e  f r o n t  s u r f a c e  of  t h e  c e i l .  P r e s s u r e  c o n t a c t s  were 

made t o  t h i s  d i o d e  s t r u c t u r e  which  c o u l d  be  i l l u m i n a t e d  e i t l i e r  f rom 

t h e  f r o n t  o r  t h e  back  by r e v e r s i . i g  t h e  d i o d e  i n  i t s  h o l d e r .  The measu re -  

ment c i r c u i t  i s  shown i n  F i g .  10. Due t o  the  f a c t  t h a t  t h e  K e r r  c e l l  

r e q u i r e d  35 K V  p u l s e s  t o  o p e r a t e  i t ,  i t  was n e c e s s a r y  t o  s h i e l d  t h e  

comple t e  c i r c u i t  shown i n  F i g . 1 0  v e r y  c a r e f u l l y  i n  o r d e r  t o  p r e v e n t  

e l e c t r o  s t a t i c  p i c k u p .  F i g u r e  11 i s  a pho tograph  of  t h e  comple t e  

t e s t  s e t u p  i n  u s e .  

1). 

F i g u r e s  1 2  t h r o u g h  1 6  are p h o t o g r a p h s  of  t h e  o s c i l l o s c o p e  

t r a c e s  made unde r  v a r i o u s  c o n d i t i o n s  o f  i l l u m i n a t i o n  o f  b o t h  g r a d e d  

b a s e  and  c o n t r o l  c e l l s .  F i g u r e s  12, 13 and 1 4 w e r e  o b t a i n e d  o n  a 

mesa e t c h e d  f rom a p o r t i o n  of a g r a d e d  b a s e  c e l l .  F i g u r e  1 2  shows 

t h e  trace o b t a i n e d  w h e n  t h e  c e l l  was i l l u m i n a t e d  w i t h  1 mic rosecond  

p u l s e  of l i g h t  on i t s  f r o n t  s u r f a c e .  F i g u r e s  13 and 1 4  show t h e  

r e s u l t s  o b t a i n e d  w i t h  t h e  same spec imen when it was i l l u m i n a t e d  

from t h e  back .  I n  F i g .  13 no f i l t e r  was used ,  b u t  i n  F i g .  14  

a Corn ing  C S 4 - 9 7  f i l t e r ,  which i s  a b l i i e - g r e s n  f i l t e r  h a v i n g  z e r o  

t r a n s m i s s i o n  i n  t h e  n e a r  i n f r a r e d ,  was i n t e r p o s e d  i n  t h e  o p t i c a l  

p a t h .  It w i l l  b e  n o t i c e d  t h a t  t h e r e  i s  110 d i f f e r e n c e  i n  t h e  

g e n e r a l  c h a r a c t e r i s t i c  of  t h e  c u r v e  be tween  F i g .  13 and  14. 
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Vertical .05 v o 1 t s ; d i v i s i o n  
Horizontal . 2  bs/division 

FIG.  12 GRADED BASE CELL ILLUMINATED FROM 
FRONT 

Vertical . 0 5  volts/division 
Horizontal . 0 2  ,s/division 

FIG. 13 GRADED BASE CELL ILLUMINATED FROM 
BACK (Unfiltered light) 

Vertical .005 volts/ divi s i o n  
Hor i z o n  t d l  0 . 2  s / d 1 v i 3 2 

F IG.  14 GRADED BASE CELL ILLUMINATED FROM 
RACK (Filtered light) 
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Vert i c a l  0.2 v o l t s / d i v i s i o n  
Horizontal 0.2 4s/division 

FIG. 15 CONTROL CELL ILLUMINATED FROM 
FWNT (Enfiltered l i g h t )  

Vertical .02 viil:-:Jivisioii 
Hor i z o n  t a 1 0. - s cl i v i 5 i I i i  

FIG. 16  CONTROL CELL ILLUMINATED FROM 
BACK (Unfiltered light) 
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It w i l l  a l s o  be s e e n  t h a t  t h e  t i m e  r e q u i r e d  f o r  t h e  o u t p u t  v o l t a g e  t o  

r e a c h  i t s  maximum v a l u e  i s  independen t  of  whe the r  t h e  c e l l  i s  

i l l u m i n a t e d  from the  f r o n t  o r  t h e  back .  It may be  c o n c l u d e d  t h a t  

t l i e  measurement  w a s  n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  d e t e c t  the  t r a n s i t  

t i m e  d i f f e r e n c e  be tween  back  and f r o n t  on t h e  g r a d e d  b a s e  c e l l .  

F i g u r e s  15 and 16  siiow t h e  r e s u l t s  of  a similar experinwil t  c a r r i e d  

o u t  on a spec imen from a c o n t r o l  o r  u n i f o r m  b a s e  c e l l .  I n  t h i s  c a s e  

i t  w i l l  b e  s e e n  t h a t  when i l l u m i n a t e d  from t h e  f r o n t ,  t h e  c l i a r a c t e r i s t i c s  

a r e  similar t o  t h o s e  of t h e  graded  base c e l l .  However, when t h i s  c e l l  

was i l l u m i n a t e d  from t h e  back,  t h e  p e a l  o f  t h e  response x c u r r e d  . 5  

t o  . c I  m i c r o s e c o n d s  l a t e r  t h a n  i n  t h e  c ~ s e  of  f r o : i t  iL1timi:iacion. Tlie 

peak o c c u r r e d  a p p r o x i m a t e l y  2 ! n i c ~ - o s e c o n d s  a! t r , r  t h e  corimilnce;nerit of 

tlie p u l s e .  T h i s  i s  a somewhat s l i a r t e r  t i n e  L l i C l i l  :JOI:LJ 'he expecircl 

f rom ttle e l e m e n t a r y  t h e o r y  which show; t1;at  f o r  e l \ ? c t r o i i s  i i i  :I l a y e r  

of  p - t y p e  s i l i c o n  100 m i c r o n s  t h i c k ,  t l i i s  t r a n s i t  time i s  1 . 6  micro-  

seconds. N e v e i - t h e l e s s ,  t h e r e  i s  a c l e a r  d i f f e r e n c e  i n  h c h a v i u r  be tween 

tile g r a d e d  b d s e  and  t h e  c o n t r o l  c e l l ,  and t h i s  d i . f f e re : i ce  can be 

a c c o u n t e d  f o r  by  assuming t t l a t  t h e r e  i s  i n  f a c t  an  c l c c t r i c  f i e l d  

h a v i n g  a v a l u e  be tween  10 and 20 v o l t s j c m  i n  t h e  b a s e  r e g i o n  of  ti;e 

g r a d e d  b a s e  c e l l .  The x e a s u r e m r n t s  were !lot s u f f i c i e : i t  l y  p r e c i s e  t o  

e n a b l e  a more a c c u r a t e  de tc rmi i i  I t  i o n  t o  be made. 

I n i t i a l  c e l l  e f f i c i e l l c y  i r ledsure, ients  were made u s i n g  sun! ig t , t .  

The c e l l  t o  b e  t e s t e d  was inoiirited i n  a j i g  i iav ing  a c u i l i m a t i n g  t u b e .  

T h i s  t e s t  j i g  was mounted t o g e t h e r  1 ~ 1 t h  a n  E p p l e v  t o t a l  i n c i d e n c e  

p: r o h e l i o m e t e r  o n t o  a p l a t f o r m  which  c o u l d  be m a m a a l l y  t r a c k e d  t o  

f o l l o w  t h e  s t l n .  The py ro l i e l inme tc r  was . i lso f i t t e d  w i t h  a c o l l i m a t i n g  

tribe,  and t h e  s o l i d  a n g l e s  sr ibtended by b o t h  t u b e s  were  t h e  same. Tbe 

o u t p u t  v o l t a g e  and o u t p u t  c u r r e n t  were measured  on a n  X - Y  r e c o r d e r .  The 

o u t p i i t  v o l t a g e  wds measured  d i r e c t 1  y and t h e  o u t p u t  c u r r e n t  was ineasured 

by r e c o r d i n g  t h e  v o l t a g e  drop  a c r o s s  d 1 ohm r e s i s t o r  p l a c e d  i n  s e r i e s  
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w i t h  t h e  c e l l .  A comple t e  V - I  c h a r a c t e r i s t i c  w a s  p l o t t e d  f o r  e a c h  c e l l  

w h i l e  t h e  s u n  i n t e n s i t y  was measured u s i n g  t h e  p y r h e i i o m e t e r  and a n  L and 

N p o t e n t i o m e t e r .  One g roup  of 45 c e l l s  had i t s  V - I  c h a r a c t e r i s t i c s  

measured  i n  t h e  E l e c t r o - O p t i c a l  Systems p a r k i n g  l o t  and on T a b l e  Mounta in  

I n  t h e  p a r k i n g  l o t  t h e  f o l l o w i n g  r e s u l t s  were o b t a i n e d .  1 5  had  

e f f i c i e n c i e s  l e s s  t h a n  9 p e r c e n t ,  2 2  hati e f f i c i e n c i e s  be tween 9 and 

10 p e r c e n t ,  and 1 2  had  e f f i c i e n c i e s  g r e a t e r  tha i i  10 p e r c e n t .  Of t h e s e  

c e l l s  9 were p-on-n h a v i n g  e i f i c i e n c i c s  i n  tile 3 t o  11 p e r c e n t  r a n g e .  

T h e s e  c e l l s  were t a k e n  t o  T,ible Mounta in  and t h e i r  e f f i c i e n c i e s  were 

measured  on t h e  2nd of  O c t o b e r .  The a v t i - d g e  of t h e  e f f i c i e n c i e s  

measured  i n  t h e  p a r k i q q  , o t  t x c e e d e d  t h e  a v e r a g e  of t h o s e  measured  

on t h e  moun ta in  by . 027  p e r c e n t .  l'he s tc l : idard e r r o r  of t h i s  i n t a n  

v a l u e  was c a l c u l a t e d  atid fo1i:id t o  be . 08  p e r c e n t .  , i p p i y i ~ l g  Stci<!C:i t  

t - t e s t  a t v a l u e  eqLial t o  .003 was fuuxd .  T l i i s  d i f f e r e n c e  i n  mean 

v a l u e s  was t h e r e f o r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o .  

When c a r r y i n g  o u t  i r r a d i a t i o n  t e s t s ,  i t  was n o t  c o , w e n i e u t  

t o  u s e  s u n l i g h t .  The c e l l s  t h e r e f o r e ,  were a l t e r n a t e l y  bombarded 

w i t h  h i g h  e n e r g y  p a r t i c l e s  aqd measured  i n  a s e t  up ,  u s i n g  t u n g s t e n  

i l l u m i n a t i o n  h a v i n g  a 2800'K c o l o r  t e m p c r a t d r e .  The i : i c i d r n t  

i l l u m i n a t i o n  w a s  n o t  f i l t e r e d .  The c e l l s  were  k e p t  a t  rooin t empera -  

t u r e  b y  : i r c u l a t i n z  a i r  p a s t  them. The V - I  c h a r a c t e r i s t i c s  were t h e n  

p l o t t e d  f o r  e a c h  c e l l .  
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4. THEORY 

4.1 I n t r o d u c t i o n  

In t h e  f o l l o w i n g  s e c t i d n s  t h e  r e s u l t s  o f  d e t a i l e d  c a l c u -  

l a t i o n s  on t h e  c o l l e c t i c n  o f  m i n a r i t y  c a r r i e r s  f r cm t h e  b a s e  r e g i o n  

of a s o l a r  c e l l  are p r e s e n t e d .  In t h e s e  c a l c u l a t i c ~ n s  we have  

p r e s e n t e d  t h e  c o l l e c t i o n  e f f i c i e n c y  frclrn t h e  b a s e  ‘1s a fLinct ion of 

d i f f u s i o n  l e n g t h  f o r  v a r i o u s  d i s t r i b u t i o n s  of t h e  e l e c t r i c  f i e l d  

w i t h i n  t h e  base .  

and  2 8 0 0 O K  t u n g s t e n  i l l u m i q a t i o n .  

The c a l c u l a t i o n s  were  c a r r i e d  o u t  b o t h  f o r  s u n l i g h t  

Due t o  t h e  n o n - a n a l y t i c  n a t u r e  of b o t h  t h e  s o l a r  s p e c t r u m  

and t h e  s p e c t r a l  a b s o r p t i o n  of s i l i c o n ,  i t  was n e c e s s a r y  t o  s o l v e  

t h e  e q u a t i o n s  n u m e r i c a l l y  and  t h i s  w a s  done on an I B M  1620 c m p u t e r .  

Appendix I l i s t s  the  F o r t r a n  programs which  were u s e d .  

The r e s u l t s  a r e  p r e s e n t e d  i n  g r a p h i c a l  form h e r e i n .  

4.2 C o n t i n u i t y  E q u a t i o n  

T h e  c o l l e c t i o n  e f f i c i e n c y  of  a semiconductc l r  j u n c t i o n  d e v i c e  

w i t h  a b u i l t - i n  f i e l d  i s  u s u a l l y  c a 1 c i : l a t c d  f r m  t h e  c l r r i t i n t l i t y  

e q u a t i o n  ( R e f .  7 ) ,  F o r  a one dinie>sii1.1al c u r r e n t  f l c w ,  t h e  s t e a d y  

s t a t e  c u r r e n t  flow e q ! l a t i o n s  a r e :  

d J  
- - c ( R - G ) = O ;  
dx dx 

J = e (np,lE+Du dx/; dn  J = e (p l ip  E - D  *) 

-t e (R-G)=o 
Jn 

P .  P dx  n 

=J + J ; J ( n = U ) = O  
JTo t  11 I’ 
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R = r e c o m b i n a t i c u  r a t e  

G = g e n e r a t i v n  r a t e  

n = added  e l e c t r o n  c c o c e n t r a t i o n  

p - added  h o l e  concen t r a t i c j i i  

n = p f o r  c p t i c a l l y  g e n e r a t e d  c a r r i e r s  

I n  a n  n-on-p j u n c t i o n  d e v i c e  t h e  c u r r e a t  i s  g i v e n  by 

Where t h e  terms on t h e  r i g h t  s i d e  r e p r e s e n t  t h e  t o t a l  c u r r e n t  

g e n e r a t e d  below and above  t h e  j u n c t i o a ,  r e s p e c t i v e l y ,  and t h e  ju i ic t ic ln  

is  p l a c e d  a t  x = a .  

T h e  t o t ; q l  c o l  

QTot  

where  N(x)==G .s t h e  c o n c e n t r a t i o n  of a b s o r b e d  p h o t u n s  and t h e  back  

s u r f a c e  of t h e  d e v i c e  i s  a t  x=b. 

T h e  c o l l e c t i o n  e f f i c i e n c y  below t h e  j u n c t i o n  i s  g i v e n  by 

TL. s:Ive f o r  J i  e q u a t i o n s  1 and 2 are  combined.  G i s  g i v e n  by 
4.X 

d>. where .I i s  t h e  w a v e l e n g t h  c a r r e s p c n d i n g  t o  G 
t h e  e n e r g y  g a p  of t h e  m a t e r i a l .  F u r  s i l i c o n ,  2 i s  a p p r c x i m a t e l y  

1.11 m i c r o n s .  R ,  t h e  r e c o m b i n a t i o n  r a t e ,  depends  on t h e  added  

car r ie r  c o n c e n t r a t i o n .  F o r  <<no, d-<pU, n <<p , R = / 7  , The 

," 'G N ( x ) ~ ( A )  e 

G 

n 
0 0  n 
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r e s u l t  i s  t h e  c o n t i n u i t y  e q u a t i o n  

dx=0 
d -) d t i  - -FLAG N(l)iX(A)e 
dx  - (ndnE+Dn dx 7 

n 

F o r  t h e  case of a small  c o n s t a n t  f i e l d  

E q u a t i i $ u  (8a) has g e n e r a l l y  been  used  i n  tlie l i t e r a t u r e  t u  

rp_Fresp_qt d e v i c e s  w i t h  b u i l t - i n  f i e l d s  (Ref .  8-10 ) .  However, i t s  u s e  

n e c e s s i t a t e s  t h e  f e l l o w i n g  a s s u m p t i o n s :  

1. E i s  c o n s t a n t  and n o t  a f f e c t e d  by S e 3 i e r a t c d  carr iers .  

7 D are i n d e p e n d e n t  of p o s i t i v n  
- *  1-1117 n 

The v a l i d i t y  of  t h e s e  a s s u m p t i o n s  a re  d i s c u s s e d  below. 

4 . 3  A b s o r p t i L n  P r o p e r t i e s  and F i e l d  E f f e c t s  

S o l a r  c e l l s  a r e  t e s t e d  by i l l u m i n a t i n g  them w i t h  e i t h e r  

s u n l i g h t  o r  280b°K t u n g s t e i i  l i z t i t .  The t i i n g s t e u  l i g h t  i s  sometimes 

used  w i t h  a water f i l t e r  t:: c u t  dc\vn heat i r ic :  e f f e c t s  f rom t h e  i n f r a r e d .  

The phc' ton s p e c t r a  f o r  t h e s e  two s o u r c e s  a re  shuwii i n  F i g .  1 7  and t h e  

d i s t r i b u t i o n  o f  a b s o r b e d  p h o t b n s  i r i  s i l i c u n  a re  shown i n  F i g s .  18 

arid 19 . It c a n  h e  s e e L i  t h a t  s u n l i g h t  w i l l  g e n e r a t e  a S r e a t e r  

number of ca r r ie rs  i n  t l ie  f r u n t  o f  t h e  c e l l  t h a n  d u e s  t u n j s t e n  l i g h t .  

T h e r e f o r e ,  e v e n t s  which o c c u r  d e e p  i n  t h e  c e l l ,  s u c h  a s  r a d i a t i o n  

damage, a r e  a c c e n t u a t e d  by t r ings ten  l i g h t  o v e r  s u - i l i g h t .  

From t h e  i m p u r i t y  c o n c e n t r a t i o n s  measu red  on a c t u a l  c e l l s ,  

t h e  e l e c t r i c  f i e l d  h a s  been c a l c u l a t e d  f o r  a b a s e  w i d t h  o f  125  m i c r c 7 i i s  

20 80 - F i n a  1 26 
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( F i g .  20 ) .  Later c e l l s  have b e e n  made w i t h  b a s e  w i d t h s  a f  100 

m i c r o n s .  The d i s t r i b u t i u n s  i s  v e r y  c lose  t o  a complementary error  

f u n c t i o n .  An e x p o n e n t i a l  d i s t r i b u t i o n  i s  needed  t o  g i v e  a c o n s t a n t  

f i e l d  and  i s  a c t u a l l y  v e r y  c l o s e  t o  t h e  a c t u a l  d i s t r i b u t i o n .  F o r  

s i m p l i c i t y ,  a c o n s t a n t  f i e l d  h a s  been  assumed i n  a l l  c a l c u l a t i o n s .  

The m u b i l i t y  and  d i f f u s i o n  c o n s t a n t  a l s o  v a r y  w i t h  i m p u r i t y  

c o n c e n t r a t i o n  ( F i g .  2 1  ) .  The m o b i l i t y  v a r i a t i o n  i n  a 103 m i c r o n  

b a s e  r e g i o n  i s  shown i n  F i g .  2 2 .  T h i s  a c t u a l  f u n c t i o n a l  r e l a t i o n -  

s h i p  w i t h  p o s i t i o n  h a s  n c t  been i n c l u d e d  i n  t h e  c a l c u l a t i ~ ~ n s  b e c a u s e  

of t h e  l a r g e  i n c r e a s e  i n  d i f f i c u l t y  o f  s o l u t i o n .  However, t h e  e r r o r  

f rom u s i n g  a c o n s t a n t  v a l u e  o f  1300 c m  / v u l t - s e c  i s  n o t  l a r g e .  From 

F i g s .  2 1  and  2 2 ,  i t  h a s  been c a l c u l a t e d  t h a t  i f  a l l  c a r r i e r s  

g e n e r a t e d  i n  a 10bp b a s e  were c o l l e c t e d ,  t h e  a v e r a g e  m u b i l i t y  of  

s o l a r  g e n e r a t e d  ca r r i e r s  would be 1260 ct% / v o l t - s e c  and [JT t u n g s t e n  

L 

2 

g e n e r a t e d  car r ie rs ,  1 2 L O  crnL/vol t - sec .  F o r  a n  a c t u a l  c e l l  where  a l l  

ca r r i e r s  are  n o t  c o l l e c t e d ,  t h e  Ones i n  t h e  back a r e  more l i k e l y  t o  
n L 

r ecombine ,  h e n c e  t h e  m o b i l i t i e s  would be e v e n  c l o s e r  t o  1300 c m  / v o l t -  

sec. 

4.4 C a r r i e r  D i s t r i b u t i v n  

To t e s t  w h e t h e r  the s o l a r  c e l l  o p e r a t e s  i n  t h e  small s i g n a l  

c o n d i t i o n ,  e q u a t i o n  ( 8 a )  c a n  b e  s o l v e d  atid t h e  r e s u l t s  t e s t e d  f o r  

c o n s i s t e n c y .  The boundary  c o n d i t i o n s  f o r  a n  i n f i n i t e  b a s e  w i d t h  are  

n ( d ) = O  and  n ( c u ) = G .  The resul ts  of  tlie c a l c u l a t i u a s  f i i r  v a r i u u s  

v a l u e s  of  E and  L = (DT)"' a r e  shown i n  F i g s .  23  and  2 4 .  In a 

p r a c t i c a l  c e l l ,  L i s  less t h a n  200 m i c r o n s .  It  i s  s e e n  t h a t  n i s  

a l w a y s  less t h a n  8 . 2  x 10 

v a r i e s  f rom 10 / c m 3  t o  10 /cm . The r a t i o  of  n(x)/P(x) L S  a l w a y s  

less t h a n  0.01. Hence, t h e  small s i g n a l  a s s u m p t i o n  i s  v a l i d .  T h i s  

means t h a t  t h e  e x p r e s s i o n  R = "/T n 
i n d e p e n d e n t  of  n ( x ) .  It should  be n o t i c e d  i n  F i g .  24  t h a t  as  E 

1 2  3 /cm , w h e r e a s  t h e  i m p u r i t y  c o n c e i t r a t i c > n  
14 20 3 

i s  v a l i d  and t h a t  E i s  e s s e n t i a l l y  

2 8  2080 - F i n a  1 
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i n c r e a s e s ,  n(x)  d e c r e a s e s  a l m u s t  everywl ie re ;  t h i s  occitrs b e c a u s e ?  i n  

t h e  s t e a d y  s t a t e ,  more c a r r i e r s  are  pushed a c r o s s  t h e  j u n c t i o n  by 

h i g h e r  f i e l d  s t r e n g t h s .  I r r d d i a t i o n  of J s o l a r  c e l l  113s t h e  p r i m a r y  

e f f e c t  o f  l o w e r i n g  t h e  l i f e t i n e .  7 .  

t h e  recombin: i t ion  r a t e .  Tl ie  addiLio:1 . f  t h e  f i e l d  lowers 11 and 

k e e p s  R a t  a low v a l u e .  T h i s  c a n  be used  as  a q u a l i t a t i v e  e x p l a n a t i u n  

of why t h e  f i e l d  c a u s e s  r a d i a t i o n  r e s i s t a r i c e .  

S i n c e  R = n/T, t h i s  i l l c r e a s e s  

It s h o u l d  be m e n t i o m d  t h a t  f o r  a s o l a r  c e l l  w i t h  a b a s e  

i m p u r i t y  c c v i c e n t r a t i c n  of  1014/cm3 n e a r  t h e  j u n c t i o n ,  t h e  j u n c t i o n  

w i d t h  i s  nbGut 3 m i c r o n s ,  Hence, some of  t h e  ca r r i e r s  are g e q e r a t e d  

i n  t h e  d e p l e t i o n  r e g i o n .  

The use of d i f f u s i . c n  ien,:Lil, L, a s  a r;arxwt(=.r f e r  g raded  

b a s e  c e l l s  may be q u e s t i o n e d ,  s i n c e  it i s  not measi i rab le  f o r  t h e s e  

c e l l s .  Two a r g u m e n t s  c a n  be made. F i r s K l y ,  the use o f  L as an 

a n a l y t i c  t o o l  t o  show q u a l i t a t i v e  c h a n g e s  i n  s h c > r t  c i r c u i t  c u r r e n t ,  

o r  l i f e t i m e ,  7 ,  i s  v a l i d ,  s i n c e  e x a c t n e s s  i s  n , t  c l a i ~ i e d .  
I S C ’  

S e c o n d l y ,  t h e  l i f e t i m e  i s  a more f u n d a m e n t a l  p a r a m e t e r  t h a n  d i f f u s i o n  

l e n g t h  and  T i s  meani : igfu l  i n  t h e  g r a d e d - b a s e  c e l l .  L i f e t i m e  d o e s  

n o t  c h a n g e  s i g n i f i c a n t l y  w i t h  p o s i t i u : i ,  s i n c e  t h e  b a s e  r e g i u u  i s  

e x t r i n s i c  Lver  i t s  who le  r a n g e .  In t h i s  r e s p e c t ,  L i s  j u s t  u sed  t o  

show p r o p o r t i o n a l  c h a n g e s  i n  7 .  The use of D ( d i f f u s i o n  c o n s t a n t )  

as  a c o n s t a n t  i s  s u b j e c t  t o  t h e  comments o f  ;1 ( m o b i l i t y )  above 

s i n c e  E i o s t e i n s ’  r e l a t i c l n  g i v e s  eD = KTg. 

4.5  C o l l e c t i o n  E f f i c i e n c y  

The c o l l e c t i o n  e f f i c i e n c y  i n  t h e  b a s e  r e g i o n  h a s  b e e n  

c a 1 c u l a t e d ” f o r  b o t h  i n f i n i t e  and  f i n i t e  c e l l s  w i t h  w i d t h s  of  100 

m i c r o n s  and  400 m i c r o n s  f o r  v a r i o u s  v a l u e s  of E and  L, u s i n g  e q u a t i o n  

( 8 a ) .  The boundary  c o n d i t i o n s  are,  f o r  i n f i n i t e  c e l l s ,  o ( 0 )  = 0, 

n ( m )  = 0 ,  and f u r  f i n i t e  c e l l s ,  n(0) = 0, D n ’ ( b )  = (&EL+sL) i i (b ) .  

The back c o n t a c t  i s  at x = b and  S = s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y .  

+<See e q u a t i o n s  ( 7 )  nnc! ( i r i )  
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2 4 D i s  assumed t o  be 30 cm / s e c .  and S = l U  cni/scc.  The nietliud c f  

s c , l u t i c ) n  was s imi l a r  t u  t h a t  c f  K l e i , i m a ?  ( R e f .  3 ) .  R e s u l t s  a r e  

shuwn i n  F i g s .  25,  Z t  a?d  ~ 7 .  

It i s  p~ s s i b l e  t i  p r  Ndtice f r c n  t h e  abcve  d a t a .  t h e o r e t i c a l  

r e l a t i o n s h i p s  cif s h o r t  c i r c t : i t  d e  i s i t y .  J . versiis e lectrc  i f l i i x .  

TU g e t  t h e  r e l a t i c  n s l j i p  le twceq d i f f  i s i c - i  l e  1 4 t h  a id p a r t  i c l e  f A~jx, 

w e  rise t h e  f o r m u l a  d e r i v e d  f r m  t h e  Shtlckley-Kead t h e L r y  ( R e f s .  11 

t h r o u < h  13) .  

S C  

where  fl i s  p a r t i c l e  f l u x  and K i s  a c o n s t a n t  f o r  e a c h  m a t e r i a l .  

E m p i r i c a l  v a l u e s  c s f  K a r e ,  f c , r  1 Flev e l ec t runs ,  1 . 4 5  x 10 f o r  

1 ohm-cm p - t y p e  s i l i c ~ s ; i  and 4.75 x L b  ( R e f .  14)  for 25 cthm-cm 

p - t y p e  s i l i c o n .  Tiiese v a l u e s  y i e l d  t h e  c u r v e s  i n  F i g .  28.  F u r  t h e s e  

c u r v e s ,  i t  h a s  bee: i  assumed t h a t  t h e  g r a d e d  base  c e l l s  a r e  25 ohm-cm 

r e s i s t i v i t y ,  w h e r e a s ,  a c t u a l l y  t h e y  v a r i e d  from .Ob1 t o  25 uhrn-cm. 

T h e r e f i  r e ,  i n s t e a d  of  usin,; a c i i i s t a i i t  K - f a c t (  r f c r  g r a d e d  base  

c e l l s ,  a v a r i a b l e  o m  s h o u l d  have  bee:i u sed .  

- 10 
-11 

T h e c l r e t i c a l  c u r v e s  o f  Q v e r s u s  fl a r e  sh(bw!i i n  F i g s .  29 and 

30. 1.1 t h e s e  c i i rves  Q r e p r e s e n t s  t o t a l  cc: l lect i i ,n  e f f i c i e n c y  f r c m  

bi l th  t h e  d i i f l i s e d  and base x e % i c > i i s .  A 1 5  p e r c e  it c L ; l l e c t i i . : i  

e f f i c i e n c y  h a s  beeti  assumed f u r  tlie d i f f i i s e d  l a y e r  where  -4 pexcerit 

of s (  l a r  ph t>t i lns  a . id  5 p e r c e n t  < \ f  t l . in . ;s te i  phi tc,:is a r e  absc) rbed  fclr 

a .5 niicrvii j u x t i c l n  d e p t h .  

An c n i p i r i c a l  r e l a t i c n s h i p  betwee: i  Q a:id t h e  s h c > r t  c i r c u i t ,  

J . w i t h  t u n ; s t e i  1 i ;h t  c a n  b e  s e t  by e q i i a t i i s  t h e  t h e c r e t i c a l  

v a l u e  c f Q f d r  t h e  ~ i n i f ~ r n i  base c e l l  a t  a f l u x  l e v e l  c f  10 
16  2 sc 

/ c m  t o  
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t h e  e x p e r i n i e i i t a l  valLte o f  J f o r  t h e  same f l u x .  T h i s  wcri:s < ) u t  t o  

be Q = 1.0  c o r r e s p c  . i d s  t c l  3 5  cia/cni . 
: i t l ce : , sa ry .  s i t i c e  t h e  e x a c t  l e v e l  I f 1 i ; h t  fibr c i e J s u r i n S  dLlri1ig 

i r r n d i a t i c n  e x p e r i r n e : i t s  i s  n . t  k : i < w i .  1.1 s p a c e  s u n l i g h t ,  14(J r,rw/cm 

. g ives  Q = 1.0 c ~ , r r e s p i ’ n d s  t c )  J = 54 nia/cni-. The  c a r v e  i f  J 

versus f l u x  i s  shuwn i n  F i g .  31. 

s c  2 
An e m p i r i c a l  r e l a t i i m s h i p  i s  

2 

5‘ 

bC S C  
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I .  

5. IRRADLATION EXPERIMENTS 

5 .1  E l e c t r o n  I r r a d i a t i o n  

Dur ing  t h e  program f i v e  g r o u p s  cjf n-on-p c e l l s  a:ld one 

g r o u p  of  p-on-n c e l l s  were i r r a d i a t e d  w i t h  1 Mev e l e c t r o n s  ( R e f ,  1.5 ) .  

F i g u r e s  3 2  t h r o u g h  3 6  show t h e  resu l t s  o b t a i n e d  f o r  t h e  n-un-p  c e l l s .  

The c e l l s  were a l t e r n a t e l y  i r r a d i a t e d  arid had  t h e i r  s h o r t  c i r c u i t  

c u r r e n t s  measared  ~lsin::  u n f i l t e r e d  18003K t u n g s t e n  i l l u m i n a t i o n .  The 

g r a p h s  show t h e  s h o r t  c i r c u i t  c u r r e a t  as a f u r i c t i o n  of the i n t e g r a t e d  

e l e c t r o n  f l u x .  Iii e a c h  c a s e  t h e  d a t a  h a s  been  p l o t t e d  oil t h e  b a s i s  

of  t h e  c e l l  h a v i n g  a t o t a l  a r e a  o f  1 c m  w i t h  an a c t i v e  area of 0 . 9  c m  . 
F i g u r e  3 2  s h w s  rcs l i l ts  cb ta i i i ed  i n  t w o  q r o u p s  o f  c o n L r o l  c e l l s ,  t h a t  

i s ,  c e l l s  h a v i n g  u n i f o r m  base r e s i s t i v i t y ,  atid is shown i n  o v e r l a y  

form f o r  r e a d y  compar i son  w i t h  tile r e su l t s  shown i n  F i g s .  33 t h r o u g h  

3 6  . The two g r o u p s  of  c o n i r c  1 c e l l s  were  p r : , c e s s e d  s i r iu1 ta : i eous ly  

on 25 ohm c m  p - type  s i l i c o n  and d i f f e r  c l i ly  i n  tlie t h i c k n e s s  of t h e i r  

b a s e  r e g i u n s ,  which  were 4 m i l s  and  1; m i l s , r e s p c c t i v e l y .  A t  t h e  time 

when t h e s e  e x p e r i m e n t s  were ccwducted t h e r e  was no p u b l i s h e d  d a t a  on 

t h e  r a d i i t i u n  r e s i s t a n c e  of  c o m i e r c i a l  n - o n - p  c e l l s  wllich cciuld be 

r e a d i l y  compared w i t h  t h e  r e s t i l t s  wllich had been  o b t a i x d  ~ ' i i  t h e  

g r a d e d  b a s e  c e l l s .  F a b r i c a t i v n  f c o b i t r o l  c e l l s  e m b l e d  u s  t o  submi t  

s amples  of  b o t h  u n i f o r m  and :r;lded b a s e  c e l l s  f u r  c m p a r a t i v e  r a d i a -  

t i o i i  s t u d i e s  w i t h  commerc ia l  s a l a r  c e l l s .  T h i s  e . i nb led  u s  t u  

dctermikie  w h e t h e r  t h e  methods of  f a b r i c a t i o n  empli ,yed i n  making 

u n i f e r m  case c e l l s  a f f e c t e d  t h e i r  r a d i a t i o n  r e s i s t a n c e  c(sriip;lred t o  

commerc ia l  c e l l s .  The c o m p a r a t i v e  d a t a  wh ich  were o b t a i n e d  w i t h  

ccmmercial c e l l s  w i l l  be d i s c u s s e d  i n  a subseq t i en t  s e c t i o n .  

2 2 
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By exarniniwz t h e  r e s u l t s  s l iown i n  F i y .  3 2 ,  i t  may be  s e e n  

t h a t  t h e  i n i t i a l  s h u r t  c i r c u i t  c u r r e n t s  on t h e  1 2  m i l  t h i c k  g r u u p  

of  c o n t r o l  c e l l s  were c o n s i d e r a b l y  h i g h e r  tha : i  t h o s e  on t h e  t h i n n e r  

c e l l s .  T h i s  i s  due  t o  t h e  f a c t  t h a t  i n  t h e  p r e - i r r a d i a t e d  c u n d i t i o n ,  

t h e  d i f f u s i o n  l e n g t h  i n  t h e  t h i n  c e l l s  w a s  comparab le  w i t h  t h e  c e l l  

t h i c k n e s s .  Thus,t : l ie c o l l e c t i o n  e f f i c i e n c y  frcim tile b a s e  r e g i o n  was 

rcd l iccd  l e a d i n g  t r  a lower s h o r t  c i r c u i t  c u r r e n t .  F i g u r e  3 2  c l e a r l y  

shows t h e  d a n g e r s  i!f  e v a l u a t i n g  r e s u l t s  i n  t e r m s  c ' f  r a t i c s  clf i n i t i a l  

t o  f i n a l  s h o r t  c i rc lki t  c u r r e n t .  I f  e v a l t i a t e d  on t h i s  b a s i s  t h e  t h i n  

c e l l s  would  show s u p e r i o r  per formance .  However, i t  may be seen t h a t  

by t h e  t i m e  t h e  c e l l s  have been s i i b j e c t e d  t u  a f l u x  c f  5 x 10 

e ? c c t r c n s j c m i ,  the  s h c ' r t  c i r c u i t  c r l r r e n t  c,,f t l ie  two g r o u p s  of c e l  IS 

i s  a l m o s t  t h e  same. Cumparing t h e  r e s u l t s  uf t h e  c o n t r o l  c e l l s  

w i t h  t h e  g r a d e d  b . iae  c e l l s  w e  see t h a t  f u r  two c , E  t h e  g r o u p s  a t  a n  

i r r a d i a t i o n  l e v e l  c)f 5 x t h e  pe r fo rmance  o f  t h e  s r a d e d  b a s e  

c e l l s  w 3 s  a p p r o x i m a t e l y  t h e  same a s  t h a t  o f  t h e  c r l i i t ro l  c e l l s .  F o r  

the cr ther  two g r o u p s  i t  would r e q u i r e  a f a c t o r  c f  2 i:icrease i n  

r a d i a t i o n  t o  r e d u c e  t h e  s h o r t  c i r c u i t  c u r r e n t  of  t h e  g r a d e d  base 

c e l l s  t o  t h e  l e v e l  r e a c h e d  by t h e  c o n t r o l  c e l l s  a t  t h e  f l u x  of  

5 x 1 0  . 

15 
> 

15 

It s h o u l d  be n o t e d  t h a t  t h e  two g r o u p s  wh ich  showed g r e a t e r  

r a d i a t i o n  r e s i s t a n c e  t h a n  t h e  c o n t r o l  c e l l s  were 4 m i l s  t h i c k  and  

h a d  t h e  j u n c t i o n  a d j a c e l i t  t o  t h e  edge  s f  t h e  s r a d e d  r e g i o n .  

The two g r o u p s  whose pe r fo rmance  was comparab le  w i t h  t h e  

c o n t r o l s  were 4 . 5  m i l s  t h i c k  and t h e  e d g e  cjf t h e  g r a d e d  r e g i o n  was 

0 . 5  m i l s  f rom the  j u n c t i c l n .  

A t  t h e  T e c h n i c a l  M o n i t o r ' s  s u g g e s t i o n  it  was d e c i d e d  t o  

i r r a d i a t e  some g r a d e d  b a s e  p-on-n  c e l l s .  It was f e l t  t h a t  i f  t h e s e  

s h owe d a n impr iw eme n t i n  rad i a t i o n  r e s i s t a nc e c I mpn r e d  w it h c o live n - 
t i o r i a l  p-on-n c e l l s ,  a c o n v i n c i n g  d e m o n s t r a t i v n  of t h e  a p p l i c a b i l i t y  
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of  t h e  g r a d e d  b a s e  c o n c e p t  of t h e  f a b r i c a t i c l n  uf r a d i a t i o n  r e s i s t a n t  

s o l a r  c e l l s  would r e s u l t .  Three  p-on-n < r a d e d  b a s e  c e l l s  were  s u b j e c t  

t o  1 Mev e l e c t r o n  r a d i a t i o n  i n  t h e  Van d e  G r a f f  a c c e l e r a t o r  a t  STL. 

The r e s u l t s  of  t h i s  expe r imen t  a re  shown i n  F i g .  3 7 .  The s h o r t  c i r c u i t  

c u r r e n t  of t h e  c e l l s  when i l l u m i n a t e d  by t i i n g s t e n  l i g h t  i s  p l o t t e d  as  

a f u n c t i o n  of t h e  i n t e g r a t e d  e l e c t r o n  f l u x  d e n s i t y ;  t h e  two s o l i d  

l i n e s  shown on t h i s  c u r v e  r e p r e s e n t  t h e  pe r fo rmance  e x h i b i t e d  by t h e  

m a j o r i t y  o f  p-on-n commerc ia l  s o l a r  c e l l s  and  t h e  d b t t e d  l i n e  i n d i c a t e s  

t h e  pe r fo rmance  of t h e  b e s t  p-on-ii commerc ia l  c e l l .  It may be  o b s e r v e d  

t h a t  even  though  t h e  g r a d e d  base  c e l l s  s t a r t e d  b f f  w i t h  i n i t i a l l y  

smaller s h o r t  c i r c u i t  c u r r e i i t s  t h a n  t h o s e  of  t y p i c a l  ccmmercial c e l l s ,  

t h e s e  e x p e r i m e n t a l  c e l l s  e x h i b i t e d  a c u o s i d e r a b l y  improved r a d i a t i o n  

r e s i s t a n c e  compared w i t h  cc~mniercial  p-on-n c e l l s .  

5 .2  P r o t o n  1 r r a d i a t i . c n  

A number of  n-on-p g raded  b a s e  and  c v n t r o l  c e l l s  were sub-  

j e c t e d  t o  9 5 , 5  Mev p r o t o n  i r r a d i a t i o n  i n  t h e  e x p e r i m e n t s  c a r r i e d  < )u t  

by Space Techno logy  L a b c j r a t o r i e s  a t  McGill  U n i v e r s i t y .  The r e s u l t s  

wh ich  were o b t a i n e d  a f t e r  r e c a l i b r a t i o n  of  t h e  equipment  a r e  shclwn 

i n  F i g .  3 8 .  It s h o u l d  be n o t e d  t h a t  t h e  c v n t r t l l  c e l l  behaved i n  a 

s u p e r i o r  manner  t o  c e l l s  o b t a i w d  from o t h e r  sUurces  and i t s  p e r -  

formance  was o n l y  m a r g i n a l l y  below t h a t  of t h e  g r a d e d  base  c e l l s .  

It i s  d i f f i c u l t ,  t h e r e f o r e ,  t o  a s s e s s  t h e  exact  s i g n i f i c a n c e  of  

these r e s u l t s .  

5.3 NASA and STL Compara t ive  R u n s  

S o l a r  c e l l s  from d i f f e i e n t  s c u r c e s  have  been  i r r a d i a t e d  

u n d e r  i d e n t i c a l  l a b o r a t o r y  c o n d i t i o n s  t o  cumpare t h e i r  pe r fu rmance  

i n  a r a d i a t i o n  e n v i r o n m e n t .  E x p e r i m e n t e r s  a t  t h e  Naval  R e s e a r c h  

L a b o r a t o r y  unde r  t h e  d i r e c t i c j n  u f  NASA and a t  Space  Technology 

L a b o r a t o r i e s  e a c h  per formed t h e s e  e x p e r i m e n t s  d u r i n ;  t h e  l a s t  few 

months.  Compared were 1 ohm-cm p-c 1-n c e l l s ,  11-un-p c e l l s  w i t h  

208 0 -F i na 1 47 
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r e s i s t i v i t i e s  from 1 uhm-cm t o  25 ohm-cni, and t h e  E l e c t r o - o p t i c a l  

Sys t ems '  g r a d e d  b a s e  c e l l .  The r e s u l t s  a r e  shown i n  F i g s .  39 

and  40 . ( R e f s .  16  and  1 7 . )  I n  e a c h  c a s e ,  r a d i a t i o n  damage i s  

l e s s e n e d  by i n c r e a s i n g  t h e  r e s i s t i v i t y  of  t h e  b a s e  s t a r t i n c :  m a t e r i a l ,  

w h i l e  t h e  l eas t  damage wxurs  i.n t h e  E l e c t r o - O p t i c a l  Sys tems I g r a d e d  

b a s e  c e l l .  It c a n  be s e e n  i n  t h e  f i g u r e s  t h a t  a l t h o u g h  t h e  p c ~ s i t i o n s  

of  t h e  v a r i o u s  c e l l s  a r e  s i m i l a r  in t h e  t w o  s e t s  c.f d a t a ,  t h e  s p a c i n g s  

are d i f f e r e n t .  T h i s  i s  p o s s i b l y  due ti, r h e  f a c t  t h a t  STL used  un- 

f i l t e r e d  t u n g s t e n  l i g h t  whereas  NRL u s e s  a w a t e r  f i l t e r ,  chang ing  t h e  

l i g h t  spec t rum.  It s h o u l d  be t i t  t i c e d  t h a t  t h e  :;raded base c e l l s  

w i l l  t a k e  20 t i m e s  more r a d i a t i m  t h a n  1 ohm-cm c e l l s  and 3 

t i m e s  more t h a n  25 ohm-cm ce l l s  t o  deg rade  tLJ t h e  same l e v e l .  
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FIG. 39 

COMPARATIVE DEGRADATION OF 
V A R I O U S  N - O N - P  SOLAR CELLS 
I R R A D I A T E D  A T  NRL BY NASA 
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COMPARATIVE DEGRADATION OF 
V A R I O U S  N - O N - P  SOLAR CELLS 
I R R A D I A T E D  A T  STL ( b a s e d  on 
a f i g u r e  cf R.  S. Downing) 
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6 .  COMPAKISON OF THEORY VERSUS EXPERIMENT 

I t  h a s  been  c o n c l u s i v e l y  d e m o n s t r a t e d  t h a t  t h e  E l e c t r o - O p t i c a l  

Sys t ems '  g r a d e d  b a s e  s o l a r  c e l l  i s  3 t o  20 t imes more r e s i s t a n t  

t o  e l e c t r o n  and p r o t o n  i r r a d i a t i o n  than any  u t h e r  p r e s e n t l y  made n-on-p  

c e l l .  T h a t  this p r o p e r t y  i s  due t o  tile g r a d e d  b a s e  s t r u c t u r e  c a n  

be  s e e n  by compar ing  t h e o r y  w i t h  e x p e r i m e n t .  I n  tlie NASA data, 

Group E are  E l e c t r o - o p t i c a l  Systems 2 5  oh -c i ; i  n-on-p c e l l s  which 

d e g r a d e d  34.4  p e r c e n t  a t  an i r r a d i a t i o n  l e v e l  of li) eiec/'cni 

measured  unde r  f i l t e r e d  t u n g s t e n .  Theory  p r e d i c t s  41.3 p e r c e n t  

d e g r a d a t i o n  unde r  u n f i l t e r e d  t u n g s t e n  and a b o u t  10 p c r c e n t  less 

o r  37 p e r c e n t  unde r  f i l t e r e d  t u : i g s t e u .  For  Group J, t h e  E l e c t r o -  

O p t i c a l  Sys t ems '  g raded  base ccll I s ,  a c t t i a i  d e g r a d a t i o n  w a s  2 4 . 6  p e r -  

c e n t .  Theory  p r e d i c t s  2 6 . 1  p e r c e n t  f o r  u n f i  I . t t , red t u n g s t e n  and 

aroi ind 24 perce r i t  f o r  f i l t e r e d  l i g h t .  The :ii!cibers f o r  f i l t e r e d  

t u n g s t e n  are c l o s e  enough t o  p r o v e  tlie t h e o r y  i s  r e a s o n a b l y  c o r r e c t  

f o r  b o t h  g r a d e d  - and un i fo rm - b a s e  c e l l s .  S i m i l a r  compar i sons  c a n  

b e  made f o r  11-on-p c e l l s  i r r a d i a t e d  d t  Space Technology Labs .  

I r r a d i a t i o n s  performcad on  p - o n - n  c e l l s  show thilt t h e  g r a d e d  b a s e  

s t r u c t i i r e  i s  a g a i n  more r a d i a t i o n  r e s i s t a x t ,  i n d i c a t i n g  t h a t  a 

p e c u l i a r  d i f f u s i o n  p i -ocess  f o r  n - O i l - [ J  cei1.s i s  n o t  t h e  c a u s e  o f  

t h e  b e t t e r  c e l l s .  

1 6  2 
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7 .  CONFERENCES AND PUBLICATIONS 

A m e e t i n g  w a s  h e l d  on L4ugust 9 t h  w i t h  t h e  t e c h n i c a l  m o n i t o r  a t  

E l e c t r o - O p t i c a l  Systems,  I n c .  Metliods of  f a b r i c a t i o n  o f  g r a d e d  b a s e  

c e l l s  were d e m o n s t r a t e d  and d i s c u s s i o n s  t o o k  place on t h e  p r o g r e s s  of  

t h e  program and p l a n s  were made f o r  f u t u r e  work. 

A m e e t i n g  was h e l d  a t  NASA H e a d q u a r t e r s  on O c t o b e r  2 5 t h .  P r e s e n t  

w a s  t h e  t e c h n i c a l  m o n i t o r  and M r .  J .  Mandclkorn o f  NASA and D r .  M. B. 

P i - ince  and M r .  S. Kaye o f  E l e c t r o - O p t i c i l  Systems,  I n c ,  A t  t h i s  t ime 

an a t t e m p t  w a s  made t o  see i f  any c o r r e l a t i o n  c o u l d  b e  o b t a i n e d  be tween  

t h i s  d a t a  and d a t a  o b t a i n e d  a t  o t h e r  l a b o r a t o r i e s .  The c o n c l u s i o n s  

r e a c h e d  were t h a t  due  t o  t h e  d i f f e r e n t  methods o f  e v a l u a t i o n  of t h e  

c e l l s  a f t e r  i r r a d i a t i o n ,  i t  was n o t  p o s s i b l e  t o  o b t a i n  a v a l i d  

compar i son  o f  d a t a .  I n  view of t h i s  d i f f i c u l t y  i t  w a s  d e c i d e d  t o  

p l a c e  more emphas i s  on t h e  t h e o r e t i c a l  aspec ts  of t h e  work d u r i n g  

t h e  l a s t  pa r t  o f  t h i s  s t u d y .  

A p a p e r  was p r e p a r e d ’ b y  S. Kaye, I. Weiman and  W .  V. Wright  

d e s c r i b i n g  much of  t h e  work which had b e e n  done on t h i s  p r o j e c t .  

T h e  p a p e r  w a s  p r e s e n t e d  a t  t h e  Space Power Sys tems C o n f e r e n c e  

s p o n s o r e d  by  t h e  American Rocket  S o c i e t y  which  was h e l d  i n  S a n t a  

Monica,  C < i l i f o r n i a  f rom September 25 t h r o u g h  2 8 t h .  A number of  

p a p e r s  of  i n t e r e s t  i n  c o n n e c t i o n  w i t h  t h e  p r e s e n t  work were p r e s e n t e d  

a t  t h i s  c o n f e r e n c e .  I n c l u d e d  among t h e s e  was a p a p e r  by  R .  F i s c h e l  

o f  t h e  App l i ed  P h y s i c s  L a b o r a t o r y  o f  Johns  Hopkins,  d e s c r i b i n g  t h e  

e f f e c t s  o b s e r v e d  due  t o  t h e  a r t i f i c i a l  r a d i a t i o n  b e l t  p roduced  by t h e  

r e c e n t  h i g h  a l t i t u d e  J o h n s t o n  I s l a n d  t e s t .  The e f f e c t s  of  t h i s  
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a r t i f i c i a l  r a d i a t i o n  b e l t  are  most n o t i c e d  by v e h i c l e s  f l y i n g  i n  

low a l t i t u d e  e q u a t o r i a l  o r b i t s  and i n  t h i s  c a s e  t h e  damage r a t e  Inas 

been i n c r e a s e d  as much as a hundredfold.  A paper  by J. M. Denney, 

STL, e n t i t l e d  "The E f f e c t  of Space Environment on t h e  P h o t o v o l t a i c  

C e l l "  d e a l t  ma in ly  w i t h  t h e  e f f e c t  of h i g h  ene rgy  p r o t o n  bombardment 

on s o l a r  c e l l s  and t h e  ensu ing  dependence on d i f f u s i o n  l e n g t h  on t h e  

i n c i d e n t  l i g h t  l e v e l .  I n  a d d i t i o n  t o  t h e s e  pape r s  a panel  d i s c u s s i o n  

was h e l d  t o  d i s c u s s  t h e  problem of r a d i a t i o n  damage on space  v e h i c l e  

power s u p p l i e s .  The r e s u l t s  of  t h e  p a n e l  d i s c u s s i o n s  may be  summa- 

r i z e d  b r i e f l y  as f o l l o w s :  Desp i t e  t h e  i n c r e a s e d  r a d i a t i o n  l e v e l s  

a r i s i n g  f rom t h e  a r t i f i c i a l  r a d i a t i o n  b e l t ,  i t  i s  p o s s i b l e  t o  d e s i g n  

s o l a r  c e l l  power systems fo r  o r b i t a l  v e h i c l e s  which w i l l  b e  c a p a b l e  

of o p e r a t i n g  ove r  extended p e r i o d s  of t i m e .  

M r .  W. S c o t t  v i s i t e d  E l e c t r o - O p t i c a l  Systems, I n c . ,  on Janua ry  

31st, 1963, at: which t i m e  t h e  p r o g r e s s  of t h e  p r o j e c t  was reviewed. 
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8 ,  RECOMMENDATIONS FOR FUTURE WORK 

I n  v i ew of  t h e  r e s u l t s  o b t a i n e d  b o t h  by  NASA and o u r s e l v e s  i n  

c o l l a b o r a t i o n  w i t h  STL, i t  a p p e a r s  t h a t  g r a d e d  b a s e  s o l a r  c e l l s  o f f e r  

t h e  p o s s i b i l i t y  o f  o b t a i n i n g  s o l a r  power s u p p l i e s  f o r  s p a c e  v e h i c l e s  

h a v i n g  c o n s i d e r a b l y  e x t e n d e d  l i f e .  I n  o r d e r  t o  a c h i e v e  t h i s  improve-  

ment i n  p r a c t i c e  w e  recommend t h a t  t h e  f o l l o w i n g  f u t u r e  work b e  - 
c a r r i e d  o u t .  

1, Comple te  c a l c u l a t i o n s  on t h e  d i s t r i b u t i o n  of  i m p u r i t i e s  i n  tire 

b a s e  r e g i o n  r e q u i r e d  t o  g i v e  t h e  optimum f i e l d  d i s t r i b u t i o n  of  

t h e  c e l l ,  

2 .  F a b r i c a t e  t h e s e  optimum s t r u c t u r e s  b y  t h e  u s e  of e p i t a x i a l  

g rowth  t e c h n i q u e s  for .  t h e  g r a d e d  b a s e  r e g i o n  and d i f f u s i o n  

f o r  j u n c t i o n  f a b r i c a t i o n .  

3 ,  Conduct 1 Mev e l e c t r o n  damage and  a l s o  p r o t o n  damage t o  

e s t a b l i s h  ttie e x p e c t e d  pe r fo rmance  of t h e  o p t i m i z e d  s t r u c t u r e s  

i n  a r a d i a t i o n  env i ronmen t .  

4.  P r e p a r e  p r e l i m i n a r y  c o s t  and  y i e l d  a n a l y s e s  of b o t h  e p i t a x i a l  

and d i f f u s e d  g r a d e d  b a s e  c e i l s .  

5 ,  On t h e  b a s i s  of  t h e  above e s t ima te  e s t a b l i s h  a p i l o t  l i n e  t o  

p r o d u c e  s u f f i c i e n t  c e l l s  t h a t  f i n a l  e s t i m a t e  of  y i e l d s  aild 

c o s t s  c a n  b e  e s t a b l i s h e d .  

5. Having o b t a i n e d  a c o s t  e s t i m a t e  a s  a r e s u l t  o f  t h e  p i l o t  run ,  

d e t e r m i n e  whet l ie r  the u s e  of  t h e s e  c e l l s  i s  eco ! iomica l ly  

j u s t i f i e d  f o r  f u t u r e  NASA m i s s i o n s .  
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APPENDIX I - COMPUTER TECHNIQUES 

A 10-pc.i . i t  Gauss qri , idrnt l : r r  nict1:i'd ' . ~ L I : ~  iisea ti '  e v L i l i i a t e  
. .  t h e  s (  1 1  t i  i t : > ,  p i r s t . , i i ~ t i  iLi  S r - i t L  ~, . - .  L! ,? (1i.p: . . L . i .  ! e . .  :>, ~2~ . : L L < ~ :  

t c ,  t h a t  f Kleinman . The c a l c u l a t i u n s  were per formed c - n  

;i:i ibP! I( 1 1  C. n ~ ~ I , t c r  W i t h  F L i t i a  1 pr+;ram. ril d e t e r m i n e  w h e t h e r  

the 1 0 - p o i n t  q u a d r a t u r e  was of s u f f i c i e n t  a c c u r a c y ,  a 16 -pu i i i t  

q u a d r a t u r e  was used  u n  some d a t a  and t h e  a n s w e r s  v a r i e d  from tliose 

p r e v i o u s l y  c a l c u l a t e d  by t h e  10-pc- in t  q u a d r a t u r e  by 0.  2 pe rce : i t  c)r 

less .  The end  p u i n t s  v a l u e s  for X were = 0 . 4 7 ~  arid >. = 1.08v 

w i t h  - ( 1 2 - L l )  = . 3 3 .  

i n  T a b l e  I below. 

1 

"1 2 1 
2 The v a l u e s  f o r  t h e  v a r i a b l e s  used  are shown 

TXBLE I 

A(,,) 

0.429 
0 . 4 h 5  
0 . 5 2 6  
0 . 6 0 7  
0 . 7 0 1  
0 .799  
0 . 8 9 3  
0 . 9 7 4  
1 .035  
1.071 

0 . 3 3 R  

0 .0220 
0 . 0 4 9 2  
0.0713 
0 . 0 8 8 8  
0.0977 
0 . O Y 7 7  
0 . 0 8 8 8  
0 . 0 7 2 3  
0 . 0 4 3 2  
0.0220 

4 
3 .  7 x 1iJ 
L.0 ( 4 )  
9 . ' )  ( 3 )  
4 .3  ( 3 )  
2 . 2  ( 3 )  

4 . 5  ( 2 )  
1.03 ( 3 )  

1.56 ( 2 )  
4 1 .  
17. 

-1 sun v (,L ) 

1. 2L 
1 .50  
1.57 
1. h2 
1 . 5 1  
1 . 3 5  
1. L 6  
1.11 
1.05 
1 , 3 i  

-1 2800°K Tung v ( , .  ) 

.984  

. 158  
* 348 
.7 28 

1 . 2 7  
1.87 
2.38 
i. 69 
2.88 
2.97 

D . A .  Kleiiiman, "Cc .ns idera t i i lns  L t h e  S L  l a r  Cell , ."  B e l l  Sys tems 
Tech .  J o u r .  4 0 .  85  (13t11) 
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e 
1 

A 

cx = a b s o r p t i o n  c L l e f f i c i e n t  

hc = A = 1 . 0 8 ~  

E = E l e c t r i c  f i e l d  

2 

p = U J L  

D = D i f f u s i L n  c o n s t a : l t  = 30 cm 2 /scc 

EL 
.052 

t = -  

2 1 / 2  + E , = ( 1 + e )  

(5 = ( 1 + c )  - E  
2 1 1 2  

s = s u r f a c e  recc>ntbirlatic\n v e 1 c ) c i t y  a t  b 

s = 10 4 cndsec 

P h o t o n  Absorp t i , i n  - ( T a b l e  11) 
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Carrier  D i s t r i b i l t i l  n - I i f i n i t e  Base ( T < l t l e  111) 

C o l 1 e c t i . c n  E f f i c  ie.icy - 1 7 i f i j i i t e  Base (T ' lLle  LV) 

C-lltctic:Ii  E f f i c i e n c y  - F i n i t e  Base ( T a b l e  V )  
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